Abstract Oxide dispersion strengthened (ODS) steels are candidate materials for advanced electric energy and heat generation plants (nuclear, fossil). Understanding the degradation of mechanical properties of these alloys as a result of service exposure is necessary for safe design. For advanced nuclear applications combinations of temperature, irradiation and stress are important damage conditions. They are studied either with neutron irradiated samples (often highly active) or with ion-irradiated samples (irradiation damage often limited to only a few micrometer deep areas). High activity of samples and limited sample volume claim to subsized samples like nano-indentation, micro-pillar compression or thin strip creep testing. Irradiation hardening and irradiation creep were studied with these methods. Ferritic ODS steels with 19% chromium were investigated. The materials were studied in qualities differing in grain sizes and in sizes of the dispersoids. Irradiation was performed in an accelerator using He-ions. Irradiation damage profiles could be well analyzed with indentation. Yield stress determined with compression tests of single-crystal micropillars was well comparable with tension tests performed along the same crystallographic orientation. Irradiation creep of samples with different sizes of dispersoids revealed only a small influence of particle size being is in contrast with thermal creep but consistent with expectations from other investigations.
Introduction
Materials for current and advanced nuclear installations are subject to a variety of exposures that degrade materials properties. In addition to creep, fatigue and corrosion also irradiation-induced effects are important. Degradation mechanisms caused by irradiation are listed in Table 1 . A thorough understanding of these mechanisms is mandatory for accurate life time assessments of components with design life of up to 60 years.
According to the size of reactor components, the characterization of the materials involved is usually determined with large samples or with component type tests. In contrast to that many damage phenomena occur on a microscopic level. The multiscale approach tries to integrate the different scales to a sound assessment of component damage [1, 2] . It uses a wide range of modeling techniques together with a wide range of sample sizes. Quantitative understanding of possible size effects and the link to component performance is mandatory for the success of this approach. Small samples are of particular importance for the investigation of irradiation damage because of three reasons: (1) Radiation exposure of experimentalists should be kept as low as possible. This allows only small active sample volumes to be analyzed or expensive and time consuming testing in hot cells; (2) damage due to ion irradiation which is often used for basic irradiation studies is limited to small penetration depths; (3) the possible use of sub-sized samples for damage assessment and condition monitoring with samples taken from specified plant locations in defined maintenance intervals.
Our investigations focus on materials for advanced future gas cooled reactors like the very high temperature reactor (VHTR) or the gas cooled fast reactor (GFR). Ferritic dispersion strengthened steels (ODS) are candidates for several in-core and out-of-core applications. In this paper we will concentrate on irradiation hardening and irradiation creep using sub-sized samples.
Materials Investigated
Work was performed with different types of oxide dispersion strengthened ferritic steels: The commercial PM2000 [3] in annealed condition and in severe plastically deformed (SPD) condition, as well as the Japanese development 19Cr ODS (K1) [4] were investigated. The main characteristics of the three materials are given in Table 2 .
Both qualities of PM2000 had comparable dispersoid sizes and distributions. In the annealed condition very large and elongated grains were present allowing the investigation of single crystal properties. The SPD material had equiaxed grains of similar size as the ODS 19Cr grains.
Pre-treatments and Sample Preparation
A summary of pre-treatments and investigations performed is given in Table 3 . Ion implantation was performed at room temperature with a 4 He ++ beam at the Swiss Federal Institute of Technology in Zürich, using a Tandem Accelerator. To receive an acceptable damage distribution, irradiation was performed under 4 different incident angles (ranging from 0°to 66°) with energy of 1.5 MeV. Damage as a function of depth covered a range from 0.7dpa (displacements per atom) at 1 micrometer from the surface to about 1.3 dpa at 2.5 μm from the surface. Additional details regarding irradiation procedure and associated damage profile have been previously published [5] .
In situ irradiation creep under He-implantation was performed at the compact cyclotron of Forschungszentrum Juelich. Details of the experimental set up are described in Ref. [6] . The 0.1 mm thick samples were 3D-homogeneously irradiated under constant uniaxial stress. Irradiation was performed with 24 MeV 4 He ++ ions passing through a magnet scanning system and a degrader wheel with 24 Alfoils of variable thicknesses. More details about the experimental conditions can be found in literature [7] .
Microhardness and indentation tests were performed on surfaces polished prior to irradiation. All pillars tested were fabricated with a focused ion beam instrument (FIB) using a Lyra Dual Beam from Tescan. The energy of the ion source was 30 keV Ga ion. Pillars were produced in two steps: Coarse (4 μm diameter pillars): 4.3 nA probe current, 25.1 keV condenser voltage, 400 μm aperture, 50 nm spot size; fine (1 μm diameter pillars): 130 pA probe current, 24 keV condenser voltage, 50 μm aperture, 10 nm spot size.
Strength and Irradiation Effects
Yield stress and ultimate tensile strength of ODS materials are mainly determined by size and distribution of the dispersoids. PM2000 annealed and PM2000 SPD have comparable dispersoid sizes and distributions (Table 2) . From this point of view only a small difference between the yield stresses of PM2000 annealed and PM2000 SPD should exist. Additional contributions to the yield stress of PM2000 SPD can be expected from a higher dislocation density and grain size effects in this material. According to information from the laboratory producing this material, a 10-15% higher yield stress can be expected (Korb 2006, internal communication) . The small diameter of dispersoids in the ODS 19Cr material point towards a remarkable increase in yield stress and strength. For the quality K1 a yield stress of 1142 MPa was reported [8] . These expectations for the as received materials were reproduced with micro-hardness tests shown in Table 4 . Irradiation creates point defects and leads to the formation of point-defect clusters and/or dislocation loops. These additional obstacles for dislocation movement increase the yield strength and decrease the ductility of the material. Ion implantation is a convenient way for introducing irradiation damage into a material. Damage depth is only in the micrometer range as already indicated in the introduction. The depth profile of this type of damage distribution depends on the irradiation conditions and is not homogeneous. Figure 1 shows the measured hardness for PM2000 annealed and for PM2000 SPD as a function of indentation depth. The measurements were performed with a G200 nano indenter from MTS, using the continuous stiffness mode [9] . The samples were He-irradiated under the conditions already described above. The hardness profile Yield stresses are given for comparison. PM2000 annealed represents the mean value from the tensile tests shown in Fig. 3 . For PM2000 SPD only assessments from the producer exist [Korb 2006, internal communication] . hardness ratio (-) Fig. 1 Indentation profile measured with the continuous stiffness method [9] for two different qualities of PM2000 (annealed and SPD). For both qualities, an irradiated and an un-irradiated sample were measured. The upper two graphs present the hardness ratio of the irradiated and the non irradiated sample for each quality reflects the expected profile of irradiation damage [10] except a slight shift towards the sample surface. This shift can be well understood by the plastic zone in front of the indenter tip which contains also information from material ahead. No significant differences in the irradiation profiles of the two materials was detected. This was expected because there was only a difference in grain size which should have no pronounced influence on the development of point defect clusters. More quantitative correlations can be expected from FE-analyses and further tests with different profiles.
A quantitative determination of the stress-strain behavior can be obtained with micro-samples like micro-pillars. PM2000 annealed was used as sample material. As this material has very large grains it was possible to determine the stress-strain curve with single crystal tensile samples in which the development of slip bands could also be observed. In the tensile tests the load was applied parallel to the [111] direction. Micro-pillars were prepared in a way that the compressive load was also parallel to this crystallographic direction. Figure 2 shows a pillar before and after deformation while Fig. 3 shows the engineering stress-strain diagram. Microcompression was performed with a commercial nanoindenter (MTS XP, load controlled) using a 16 um diameter diamond flat punch tip. Loading and unloading was done with a constant rate of 5 μN/s. The average value of the yield stress measured with different pillars is in agreement with the yield stress determined by tensile test. This seems to be in contradiction with literature where pronounced size effects for micro-pillars and whiskers were reported (e.g. [11, 12] ). The absence of a clear size effect in our case may be attributed to the facts that the investigated samples are not expected to be defect free, they contain dispersoids and they do not contain any grain boundaries. Preliminary tests with micropillars from irradiated materials did not show clear results until now. Probable reasons for this could be inhomogeneity of defects in the gage section as well as high scatter of test data. Further tests with different pillar diameters, different irradiation profiles and different microstructures will help to clarify the situation.
Irradiation Creep and Thin Strip Samples
Creep of structural materials occurs not only at high temperatures. It is also detected at moderate temperatures when irradiation and stress act simultaneously. Irradiation creep tests can be performed in accelerator beams with higher energies than the ones in which the irradiation tests described in section 4 were performed. Such tests are expensive but they are less expensive and less time consuming than creep experiments with neutrons. Neutron tests would also lead to highly activated samples. The drawback of this experimental procedure is still the limited penetration depth of ions requiring tests with thin strips (100-200 μm). Experimental constraints (availability of irradiation facilities, expenses of beam-time) are the reason why only a limited number of experiments can be performed. Questions like the relative influence of dispersoid size on irradiation creep of ODS alloys can be studied, however, also with limited amount of samples. According to earlier investigations under thermal creep conditions only negligible size effects for creep strain measurements are expected [13] . Figure 4 shows the dependence of the ratio between steady-state creep rate and dose rate as a function of the applied stress for PM2000 annealed and ODS 19Cr at 300°C. The difference between the conventional material and the advanced ODS 19Cr was not very pronounced although the difference in dispersoid size was more than one order of magnitude (Table 2 ). This is in contrast to thermal creep where size and distribution of the dispersoids play a very important role. Mechanisms for irradiation creep are rather dependent on the nature of irradiation-induced defects then on conventional hardening mechanisms. A more detailed study of irradiation creep of these materials is given in [14] .
Discussion and Conclusions
Damage characterization and life-time assessments of materials and components are extremely important for new generation nuclear plants (GENIV [15] ). In contrast to current nuclear plants they will operate at higher temperatures (up to 1,000°C) and at high irradiation levels. Sub-sized samples provide a very good tool to study damage and damage evolution in small volumes. They can help to overcome irradiation-induced limitations (penetration depth of ions, high sample activity). However, they could also provide a tool for condition monitoring in real plants. A well substantiated understanding of possible size effects and/or other limitations of results gained with sub-sized samples is mandatory for conclusions concerning safety and reliability of components. In this paper the applicability of sub-sized samples for determination of irradiation damage was studied. Ferritic oxide dispersion strengthened steels, considered as future candidates for such plants, were taken as examples. Tests chosen were nanoindentation, micropillar compression and thin strip creep. The differences in yield strength of the materials could be well reproduced by conventional microhardness tests. Depth profiles of ion implanted samples determined with a nano-indenter in continuous stiffness method reproduced the expected damage profile. A determination of the stress-strain response of single crystal samples with micro-pillars compression was possible and the measured yield stress was in agreement with expectations from larger samples. Reasons for the absence of a size effect for this material still need further investigations. Scatter being in the range of the expected effects made it difficult to accurately determine irradiation hardening with the chosen micro-pillar size. Inhomogeneity of the damage along the gage section might be another reason. However, assuming more homogeneous damage in components let expect that micro-pillars are well suited for damage analysis under plant conditions. Further work is required to provide a thorough understanding of the stress-strain response of micro-pillars compression which is a necessary tool for component damage assessments. Thin strip creep tests can be used for the determination of creep rates under irradiation creep and/or thermal creep conditions. All together it seems that microsamples would have a wide potential for damage assessments of highly loaded materials in future fission applications.
